We have used Advanced Composition Explorer instruments to survey the period 2007 March through the end of 2008 for 3 He-rich solar energetic particle (SEP) events occurring during near solar minimum conditions. Four events were found, all associated with single solar active regions in the western hemisphere. They all show 3 He: 4 He ratios of a few percent (i.e., 100 times solar system abundances), low intensities, and spectra extending up to at least 1 MeV nucleon −1 . Two events, on 2008 February 4 and 2008 June 16, were devoid of signatures associated with 3 He-rich SEPs, namely they lacked associations with energetic electrons and type-III bursts. In addition, there were no clear coronal mass ejections and X-ray flare activity was very low or absent. We take this as evidence that the irreducible requirement for 3 He-rich SEPs is a western hemisphere solar active region where magnetic and plasma processes preferentially energize 3 He and heavy ions.
INTRODUCTION
Solar energetic particle (SEP) events with large enrichments of 3 He (up to factors of >10 4 ) have been long studied since their elemental and isotopic fractionation properties are evidence of an acceleration mechanism distinct from those operating in large SEP events.
3 He-rich SEP events have modest intensities, and are associated with type-III radio bursts, energetic electrons, and enrichments of heavy nuclei up to >200 AMU (see reviews by, e.g., Kocharov et al. 1984; Reames 1999; Mason 2007) .
Many, and perhaps the majority of these events, have no obvious source identification on the Sun (e.g., Kahler et al. 1987) . Nevertheless with the availability of advanced instruments on SOHO, the Advanced Composition Explorer (ACE), TRACE, and Hinode, in conjunction with ground-based measurements, a number of 3 He-rich events have recently been identified with western hemisphere solar active regions producing type-III bursts and jets. These regions tend to be located near small coronal holes whose open magnetic field lines allow energized particles to escape into interplanetary space. The jet activity is associated with magnetic reconnection between closed and open field lines (Pick et al. 2006; Wang et al. 2006; Nitta et al. 2008) .
This recent progress in identifying the solar sources still leaves open key questions about particle acceleration in 3 He-rich SEPs. For example, are the ions accelerated in the reconnection region by stochastic turbulence (Fisk 1978; Miller et al. 1996; Zhang 1999; Liu et al. 2006) ? Or are the ions accelerated continuously on shrinking magnetic islands that arise from the microphysics of the reconnection process (Drake et al. 2006; Drake et al. 2009 )? Do the jets or narrow coronal mass ejections (CMEs) often observed in association with these events play a critical role in acceleration?
Distinguishing amongst these possibilities is difficult during solar active periods when the observational studies have taken place, since at any one time there is a generally solar activity in several sites and erroneous associations may arise (e.g., see the discussion in Rust et al. 2008 ).
In this Letter we report a survey of 3 He-rich SEPs during near solar minimum conditions in 2007-2008, when there is the least possible ambiguity of the solar sources and other activity. Our purpose is to identify the minimum solar activities associated with acceleration of 3 He-rich SEPs.
OBSERVATIONS
The ion observations reported here were carried out with the Ultra-Low Energy Isotope Spectrometer (ULEIS; Mason et al. 1998 ) on the ACE spacecraft, which was launched into an orbit around the sunward Lagrangian point in 1997. ULEIS is a timeof-flight mass spectrometer covering the energy range ∼0.1-10 MeV nucleon −1 . These observations were combined with data from other sources cited in the table and text.
The survey period began in 2007 March and continued through the end of 2008. During the survey period ACE instruments observed no 3 He-rich SEPs with intensities and velocity dispersion comparable to those routinely observed in the last solar cycle (e.g., Mason et al. 2000; Nitta et al. 2006; Nitta et al. 2008 ). Rather, we searched for any statistically significant enhancement of ∼0.5 MeV nucleon −1 3 He intensities of at least 24 hr duration.
During the survey period there were ∼50 solar active regions, of which four produced 3 He-rich periods listed in Table 1 . The table lists the time intervals used for computing spectra and key fluences and ratios. The particle events are near the very limits of detection for the instrument, much smaller than typical events previously reported from ULEIS. For example, the 3 He fluence in the event of 2007 May 23 is about a factor of 25 lower than the fluence in the 2006 November 17 event studied by Nitta et al. (2008) . Only event 4 has the magnetic polarity associated with the new solar cycle. Figure 1 shows He mass histograms for the four events. Panels (b)-(d) cover the range 0.5-2 MeV nucleon −1 used in previous surveys for ULEIS data, while panel (a) uses a lower threshold due to a lack of statistics above 0.5 MeV nucleon −1 . The 3 He presence at a level of a few percent of 4 He clearly identifies these periods, as does the high Fe/O ratio in the three periods where it can be measured. Figure 2 shows event-averaged particle fluence spectra for the four events. The spectra for 4 He, O, and Fe are similar power laws, with index between −1.8 and −2.4 for 4 He. The 3 He spectrum is similar to 4 He in events 1 and 2; for events 3 and 4 the 3 He spectrum is distinctly flatter than 4 He, leading to a decrease in the 3 He/ 4 He ratio toward lower energies (e.g., see Mason et al. 2000 Mason et al. , 2002 . The somewhat broken spectral forms in panels (b) and (d) may be due to statistical fluctuations or temporary loss of magnetic connection to the particle source (e.g., Mason et al. 2000) . Figure 3 shows solar 195 Å images at the start time for each event. In each case there is a single region in the western hemisphere as a candidate source for the ion event. Figure 4 shows field lines calculated with the potential field source surface (PFSS) model (see Schrijver et al. 2003 and references therein). The model indicates that the solar active regions for events 1-3 had open field lines connecting to the ecliptic, while event 4 did not. Table 1 shows that events 1 and 4 had energetic particle and type-III radio signatures typical of 3 He-rich events, as well as X-ray flares and CMEs associated with the particle injection. Events 2 and 3 are not typical and we discuss them next.
2008 February 4 Event
Event 2 took place during the decay of a CIR associated with a coronal hole at about W40-60
• (Figure 3(b) ). The solar wind speed was ∼600 km s −1 at the start of the period giving ACE a nominal connection point at ∼W39, not far from Active Region type-III than STEREO-A so we believe this activity was from a region ∼20
• beyond the west limb from Earth, and not associated with the 3 He ion enhancement seen at ACE. ACE and Wind electron intensities remained close to the instrument background level; about 13.5 hr after the start of the period an A1 X-ray event occurred. Table 1 . Panel dates are as in Figure 3 .
2008 June 16 Event
Event 3 took place during the decay of a CIR that began on June 15 in association with a nearby coronal hole (Figure 3(c) ). On June 13, two days before the event, region 10998 was a simple bipolar active region; however, beginning June 14 00:00 the sunspots had decayed and it remained an H-α plage region without spots through the time it moved beyond the west limb on June 22. No X-ray flares are found in the GOES X-ray light curves during June 16-18, no radio bursts are included in the NOAA event report and there was no electron event seen at ACE/EPAM or Wind/3DP. However, there is a faint type-III burst visible in STEREO and Wind data around June 16 01:00UT, about 20 hr before the appearance of 3 He for this event. This type-III burst does not appear to be associated with the particle event since the propagation time to 1 AU for the ions is ∼5 hr, while the ion event started about 20 hr later. There are no CMEs reported on the SOHO site; however, there are several indistinct outflows coming from the west limb.
A notable feature of the particle fluences for event 3 is the lack of Fe above ∼100 keV nucleon −1 (Figure 2(c) ). If Fe were ≈ O in this event, the Fe spectrum would lie near the O spectrum, and so would have been detected. It is possible that O spectrum is actually a remnant of the preceding CIR which overlaps this time interval, in which case a low intensity of Fe would not be surprising (Mason et al. 2009 ).
DISCUSSION
Periods of extended emission of energetic 3 He with no obvious injections have been reported during the ACE mission (Kocharov et al. 2008) , as well as periods such as 11-14 December 2002 where there were several 3 He injections but these occurred in the midst of an extended period of 3 He emission (Wang et al. 2006) . Events 2-4 reported here have similarities with these but took place near solar minimum conditions when there was much less activity at the Sun. For example, in event 4 the 3 He and 4 He spectra measured in the two-day period after the event (dashed lines, Figure 2 (d)) are very similar to those during the event, even though there was only a single type-III and no CME or electron event.
3 He-rich SEPs have long been associated with solar active regions, and this association is extended in this work since the events observed occurred only when there was a candidate active region in the western hemisphere. The regions for events 2 and 3 were magnetically connected to the ecliptic according to PFSS calculations, strengthening the evidence for association (keeping in mind the limitations of the model). However, energetic electrons and type-III radio bursts, which are often associated with 3 He-rich SEPs, were not visible above instrument backgrounds in event 3, nor were X-ray flares, jets, or a clear CME. While these considerations do not negate these well established associations, they indicate that the 3 He emission apparently does not require these types of activity.
The lack of X-ray signatures implies that the acceleration may take place high in the corona above active regions (e.g., Lin 1993) . However, this is not consistent with evidence for heavyion stripping in other 3 He-rich SEP events (e.g., DiFabio et al. 2008) , nor with the nondetection of electrons in situ. Therefore these 3 He-rich events without X-ray signatures and electrons are puzzling. The observations here imply that some processes associated with active regions are capable of energizing the 3 He and heavy ions up to at least ∼1 MeV nucleon −1 . We note that 3 He-rich SEP events often produce spectra extending to much higher energies than seen here, and with much greater intensities. In cases such as the 2002 December period mentioned above, these larger events are often associated with jets, CMEs, and other signatures of solar activity. It may be that these ejections provide the further energization of the initial population accelerated at or near the active region, and may also be responsible for the fact that the larger 3 He-rich SEP events tend to have spectral forms different from the smallest events (Mason et al. 2002) .
